Streptococcus agalactiae is an important human opportunistic pathogen that can cause serious health problems, particularly among newborns and older individuals. S. agalactiae contains the CAMP factor, a pore-forming toxin first identified in this bacterium. The CAMP reaction is based on the co-hemolytic activity of the CAMP factor and is commonly used to identify S. agalactiae in the clinic. Closely related proteins are present also in other Gram-positive pathogens. Although the CAMP toxin was discovered more than a half century ago, no structure from this toxin family has been reported, and the mechanism of action of this toxin remains unclear. Here, we report the first structure of this toxin family, revealing a structural fold composed of 5 ؉ 3-helix bundles. Further analysis by protein truncation and sitedirected mutagenesis indicated that the N-terminal 5-helix bundle is responsible for membrane permeabilization, whereas the C-terminal 3-helix bundle is likely responsible for host receptor binding. Interestingly, the C-terminal domain inhibited the activity of both full-length toxin and its N-terminal domain. Moreover, we observed that the linker region is highly conserved and has a conserved DLXXXDXAT sequence motif. Structurally, this linker region extensively interacted with both terminal CAMP factor domains, and mutagenesis disclosed that the conserved sequence motif is required for CAMP factor's co-hemolytic activity. In conclusion, our results reveal a unique structure of this bacterial toxin and help clarify the molecular mechanism of its co-hemolytic activity.
Streptococcus agalactiae is an important human opportunistic pathogen that can cause serious health problems, particularly among newborns and older individuals. S. agalactiae contains the CAMP factor, a pore-forming toxin first identified in this bacterium. The CAMP reaction is based on the co-hemolytic activity of the CAMP factor and is commonly used to identify S. agalactiae in the clinic. Closely related proteins are present also in other Gram-positive pathogens. Although the CAMP toxin was discovered more than a half century ago, no structure from this toxin family has been reported, and the mechanism of action of this toxin remains unclear. Here, we report the first structure of this toxin family, revealing a structural fold composed of 5 ؉ 3-helix bundles. Further analysis by protein truncation and sitedirected mutagenesis indicated that the N-terminal 5-helix bundle is responsible for membrane permeabilization, whereas the C-terminal 3-helix bundle is likely responsible for host receptor binding. Interestingly, the C-terminal domain inhibited the activity of both full-length toxin and its N-terminal domain. Moreover, we observed that the linker region is highly conserved and has a conserved DLXXXDXAT sequence motif. Structurally, this linker region extensively interacted with both terminal CAMP factor domains, and mutagenesis disclosed that the conserved sequence motif is required for CAMP factor's co-hemolytic activity. In conclusion, our results reveal a unique structure of this bacterial toxin and help clarify the molecular mechanism of its co-hemolytic activity.
Streptococcus agalactiae (group B streptococcus; GBS) 5 can cause serious illness, particularly among newborn infants, in whom it is the leading cause of sepsis (1) , and in immune-compromised or elderly patients. Asymptomatic GBS colonization is common; the bacterium resides in the vagina or rectum of about 25% of all healthy adult women in the United States. GBS also occurs in animals; it is an important cause of contagious mastitis in cattle (2) and also a fish pathogen that may compromise food safety and represents a zoonotic hazard (3, 4) .
Virtually all S. agalactiae strains (5-7) express CAMP factor, a pore-forming (8) protein toxin of ϳ24 kDa (9) . CAMP factor gives rise to the so-called CAMP reaction, which consists of a zone of strong hemolysis that is observed when S. agalactiae is streaked next to Staphylococcus aureus on sheep blood agar. S. aureus secretes sphingomyelinase. Sheep red blood cells are rich in sphingomyelin and, upon exposure to sphingomyelinase, become greatly sensitized to CAMP factor, which then effects hemolysis. Accordingly, hemolysis is most pronounced in the zone between the colonies of the two bacterial species.
This co-hemolytic phenomenon is useful for the presumptive identification of S. agalactiae in diagnostic microbiology laboratories. It was first described by Christie, Atkins, and Munch-Petersen (10), and the "CAMP" acronym represents these investigators' last names. More recently, the cfb gene that encodes CAMP factor has also been used to identify GBS by PCR (5, 6) . The high abundance of the gene among GBS strains suggests a role of CAMP factor in pathogenesis, even though such a role was not substantiated in cell culture and mouse experiments (11) .
Paralogs of S. agalactiae CAMP factor genes have been sequenced in a wide range of Gram-positive pathogens (Figs. S1 and S2), including Streptococcus uberis (12) and Propionibacterium acnes (13) . In addition to S. agalactiae, Streptococcus porcinus and Streptococcus iniae produce positive results in the CAMP co-hemolysis test (14) . Although group A streptococci (GAS; Streptococcus pyogenes) are phenotypically CAMP test- 4 Supported by Canadian Natural Sciences and Engineering Research Council (NSERC) Grant 250265-2013. 5 The abbreviations used are: GBS, group B streptococcus; GAS, group A streptococcus; GPI, glycosylphosphatidylinositol; RMSD, root mean square deviation; CTD, C-terminal domain; NTD, N-terminal domain; RBC, red blood cell; NBD, nitrobenzoxadiazole; IANBD amide, N,NЈ-dimethyl-N-(iodoacetyl)-NЈ-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine; MBP, maltose-binding protein; HBS, HEPES-buffered saline.
cro ARTICLE negative, most strains nevertheless harbor a CAMP factor (cfa) gene. The cfa gene product, when recombinantly expressed, also has co-hemolytic activity, which suggests that the CAMPnegative phenotype of GAS is due to strict control over the expression of the cfa genes under conditions of in vitro culture (15) .
In the membranes of sphingomyelinase-pretreated sheep red blood cells, CAMP factor forms circular pores of somewhat variable diameter that have been visualized by EM (8) . CAMP factor attaches to the cell membrane by binding to the glycosyl moieties of GPI-anchored proteins (16) . Recently, through the synthesis of biotin-labeled core glycans of GPI anchors, Gao et al. showed that the phosphate group at the GPI inositol 1-Oposition is most critical for GPI-CAMP binding (17) . However, the mechanism of CAMP's co-hemolytic activity at the molecular level and the structural details of this toxin are unknown.
CAMP factor does not share obvious sequence homology to any proteins that have structures available, which precludes homology-based assignment of structure and function. Therefore, we set out to determine the structure of this protein to establish its structure/function relationships. We here report the first three-dimensional structure of CAMP factor, which consists of two well-separated domains. We also describe biochemical experiments that assign functional roles to each domain.
Results

GBS CAMP factor defines a novel structure
To gain insight into the structure/function relationships of CAMP family proteins, we solved the X-ray crystal structure of the GBS CAMP factor at a resolution of 2.45 Å (Table 1 and Fig.  1 ). There are three copies of CAMP factor molecules in one asymmetric unit (Fig. S3) . The all-atom alignment with PyMOL produced an RMSD of 2.95 Å between chain B and chain A and 2.68 Å between chain C and chain A (Fig. S4) . Whereas the overall folding architecture of three chains is similar, the biggest variation occurs in the loop between helices ␣2 and ␣3, which is herein referred to as L23. The L23 of chain A and chain B are in different conformation, whereas the density of that of chain C (residues Ala 93 -Asp 100 ) is missing, and no model was built (Fig. S4 ). This suggests that the L23 region is highly flexible.
The recombinant mature form of CAMP protein, which starts from Ala 29 of the sequence, was used for crystallization in this study. The N-terminal loop regions (Ala 29 45 of chain C, respectively) are not visible in the electron density map, which suggests that they are disordered, although we have not rigorously eliminated the possibility that the loop was proteolytically cleaved during crystallization. A flexible structure is in agreement with secondary structure prediction by PSIPRED (18) , which indicated that this region has predominantly coil structure. Furthermore, this loop region is not part of the conserved consensus CAMP factor core region, judging from multiplesequence alignment of CAMP factor proteins from different bacteria (Fig. S1 ).
For clarity, we focus on chain A for the description of CAMP factor structure. The final model of chain A contains 215 residues from Val 41 to Lys 255 , which defines a core structure of the CAMP family. CAMP factor is an all-helix protein composed of two well-separated structural modules ( . The two domains are linked by a loop that comprises a DLXXXDXAT sequence motif that is conserved among CAMP factor genes from different species (Fig. S1 ).
Because a BLAST search did not identify any homologous structural model by sequence similarity, we performed a search of the Protein Data Bank (PDB) using the DALI server (DaliLite version 3) (19), pdbefold (20) , and VAST (21) to identify similar structural folds in the structural fold databases, including SCOP (22) and CATH (23). We did not find any other protein with the same folding architecture as CAMP factor. Considering the separate domains, the 3-helix bundle of the Cterminal domain (CTD) shares high similarity in terms of architecture and topology to the immunoglobulin/albumin binding domain-like fold (group 46996 in the SCOP database (24); see Fig. 1C ). Notably, the 5-helix bundle of the N-terminal domain (NTD) has a left-handed twisted superhelical topology. We could not assign the NTD of CAMP factor to any known protein structural fold in the SCOP/CATH database, which strongly suggests that the CAMP structure defines a novel structural fold. However, a close inspection showed that the 3-helix bundle formed by its helices 3-5 is nearly superimposable to the CTD (Fig. 1C) , suggesting that an event of gene duplication gave rise to this fold. 
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X-ray structure of CAMP factor CAMP factor lacks large surface hydrophobic patches
Because of its capability of forming membrane-inserted pores (8) , one might expect the surface of the molecule to contain continuous hydrophobic patches, as commonly found in typical transmembrane proteins. However, the surface is decorated with both hydrophilic and hydrophobic residues (Fig. 1B) . In this respect, CAMP factor resembles other pore-forming toxins that are initially secreted as monomeric, water-soluble molecules (25) . Fig. 1 also shows several surface-exposed large aromatic residues, rarely seen on the surface of globular proteins.
Functional roles of the two domains
The novelty of CAMP factor's structure implies that its functional assignments cannot be based on precedent. For example, unlike other predominantly helical toxins (or membrane-binding domains of such toxins) (e.g. diphtheria toxin (26, 27) or colicin Ia (28)), CAMP factor does not contain an obvious "hydrophobic hairpin" (Fig. S5) . Moreover, neither sequencebased (29) nor structure-based (30, 31) bioinformatics tools were able to locate any carbohydrate binding motifs in CAMP factor that would account for its experimentally observed binding to GPI anchors (16, 32) . Therefore, CAMP factor must contain an as yet unknown carbohydrate binding motif.
To examine the respective functions of the N-and the C-terminal domains, we expressed them as separate fragments. Gel filtration analysis showed that that both the NTD and CTD are monomeric in solution (data not shown). Furthermore, CD spectroscopic analysis showed that both full-length CAMP factor and NTD contain a high percentage of helical structure, whereas CTD has a lower negative peak at the same protein concentration (0.3 mg/ml) (Fig. 2, A-C) , suggesting that NTD, but not CTD, is well-folded when they are expressed alone (Fig.  2C) . Notably, the CTD is also less thermally stable compared with NTD, as evaluated by CD spectrum (Fig. 2D) . The fitted T m for NTD is 53.3 Ϯ 0.9°C, whereas the T m for CTD is 26.7 Ϯ 0.3°C.
We further compared activities of individual domains with that of WT toxin on red blood cells (RBCs), as well as on liposomes composed of phosphatidylcholine, phosphatidylglycerol, and cholesterol (Figs. 2 and 3) . The CTD alone permeabilized neither RBCs nor liposomes. The NTD retained the ability to lyse both RBCs and liposomes, suggesting that the membrane insertion and pore-forming activities reside chiefly within this domain. NTD also permeabilized liposomes. It is interesting to compare the specific activity of NTD with that of WT between the two membranes. On liposomes, NTD was about 15 times less active than WT, Figure 1 . Structure of GBS CAMP factor. A, overall structure. The protein consists of two helical domains connected by a linker. The N terminus in the structure is formed by residue Val 41 ; the preceding residues were not resolved. B, aromatic residues and polar moieties on the surface of the CAMP factor molecule. Aromatic residues are shown in a stick representation and with semitransparent surfaces; the remainder of the molecule is shown as an opaque surface. Polarity is highlighted using the YRB scheme (56) , which shows the side-chain nitrogens of lysine and arginine in blue, the side-chain oxygens of aspartate and glutamate in red, carbons not linked to oxygen or nitrogen atoms in yellow, and everything else without color. C, structural alignment of the CAMP factor CTD (blue) with helices 3-5 of the NTD (red) and with domains of three other proteins that belong to group 46996 of the SCOP database (24) . The alignments were carried out with PyMOL.
X-ray structure of CAMP factor whereas on RBCs, its activity was ϳ10 4 times lower. Thus, the CTD enhances the activity of NTD much more on RBCs, which contain GPI anchors, than on liposomes, which do not. This observation suggests that CTD is important for binding to GPI anchors.
Membrane insertion of the NTD was monitored with residue Phe 138 , which is located approximately in the middle of the fourth helix of this domain. We replaced this residue with cysteine and then labeled it with the polarity-sensitive fluorescent dye NBD (33) . Upon incubation with RBCs or liposome membranes, the fluorescence emission was greatly increased, and the emission maximum was blue-shifted by ϳ10 nm (Fig. 4A) . These changes are often observed when NBD enters the hydrophobic interior of a lipid membrane (34) , and the fluorescence was indeed susceptible to quenching by the membrane-affine probe 5-doxylstearic acid (Fig. 4B) . Conversely, when CTD was incubated with liposome membranes, no change in the fluorescence of its single intrinsic tryptophan residue was observed (Fig. 4C) . It must be noted, however, that other residues within the CTD may still participate in membrane insertion; this possibility is suggested by the observation that hydrophobic regions are similarly prevalent in both domains (Figs. 1B and  Fig. S5 ).
When WT toxin was mixed with CTD before the addition to red blood cells, its hemolytic activity was inhibited in a dosedependent manner (Fig. 2H) . CTD also inhibited the hemolytic Figure 2 . CD spectrum analysis and co-hemolytic activity assay. A, CD spectrum analysis of intact CAMP factor. B, CD spectrum analysis of NTD. C, CD spectrum analysis of CTD is shown to the right. D, thermal titration of NTD and CTD by CD spectrum. The fitted T m for NTD is 53.3 Ϯ 0.9°C, whereas the T m for CTD is 26.7 Ϯ 0.3°C. E, co-hemolytic activity assay of intact CAMP factor. F, co-hemolytic activity assay of the NTD. G, co-hemolytic activity assay of the CTD. H, inhibition of intact CAMP factor by CTD. Sheep red blood cells were pretreated with sphingomyelinase and then incubated with CAMP factor or its fragments at the concentrations indicated. The transmission at 650 nm of the cell suspension was monitored over time. An increase in transmission indicates reduced turbidity (i.e. hemolysis). In H, intact CAMP factor was used at 100 ng/ml, and CTD was used at the concentrations indicated.
X-ray structure of CAMP factor activity of NTD (not shown). Whereas this might conceivably be due to competition for binding to GPI-anchored proteins, inhibition was also observed on liposomes (Fig. 3) . Because liposomes are devoid of GPI anchors, the inhibition observed on liposomes is likely due to a direct interaction between the isolated CTD on one hand and WT or NTD on the other. This suggests that CTD also participates in oligomerization and that this function involves some interaction in trans with NTD. In summary, we tentatively assign membrane permeabilization to NTD, carbohydrate binding to CTD, and toxin oligomerization to both domains. All of these assignments await further experimental validation. Liposomes containing phosphatidylcholine, cholesterol, and phosphatidylglycerol were loaded with self-quenching concentrations of calcein. Membrane permeabilization releases and dilutes calcein, which increases its fluorescence. Detergent permeabilization is used as a positive control. A, intact CAMP factor (wt) at 66.7 nM causes half-maximal permeabilization. The CTD alone has no effect; its addition to WT at a 4-fold molar excess partially inhibits the latter. B, the same experiment plotted using a relative scale for calcein release, with additional molar ratios for CTD/WT included. C, NTD at 1 M causes a similar extent of membrane permeabilization as a 15-fold lower amount of WT. NTD too is subject to inhibition by CTD. Error bars, S.E. 
X-ray structure of CAMP factor Functional significance of conformational flexibility within the linker and NTD regions
Membrane-permeabilizing proteins usually undergo conformational changes, sometimes extensive ones (25) , when inserting into membranes. One method to probe such conformational changes is to restrict them by introducing engineered disulfide bonds and then determining the effect on function. Fig. 5 Overall, these findings indicate that the N-terminal domain contribute mostly to the membrane-permeabilizing activity, whereas mobility in the linker region may not be as significant 
X-ray structure of CAMP factor
as the appearance of the structure might suggest. In this context, it is noteworthy that the linker region is connected internally as well as to both domains by a considerable number of hydrogen bonds that should limit conformational freedom (Fig. 6A) .
Based on the sequence alignment of the CAMP family proteins, we noticed that the linker region has a conserved DLXXXDXAT motif between NTD and CTD (Fig. S1 ). After replacing each of the 5 conserved residues in this motif with glycine, the hemolytic activity decreased 1000 times as compared with that of the WT CAMP factor of GBS (Fig. 6B) . Of note, of all of the proteinogenic amino acids, glycine constrains conformational flexibility the least. This suggests that the mutated motif contributes to activity in a manner that is more specific than facilitating conformational flexibility. Indeed, the linker region has a well-defined electron density, and its B-factors are comparable with the adjacent helical regions of the structure (Fig. 6C) , which proves that this region has low flexibility in the crystal.
Discussion
Overall, we determined the first structure of the CAMP family bacterial pore-forming toxin. Our study shows that the structure of CAMP factor is unique among pore-forming toxins, and it reports initial assignments of function to elements of this novel structure. Knowledge of the structure will facilitate more detailed biophysical studies to better understand the membrane interaction and pore-formation by this unique family of bacterial toxins.
GPI anchors have a complex composition. The core of GPI consists of phosphatidylinositol, a glycan moiety that comprises one glucosamine and three mannose residues, and a terminal phosphoethanolamine, which is amide-bonded to the C terminus of the protein. The GPI backbone can be further modified with phosphoethanolamine and/or various glycan side branches, depending on the organism, cell type, and protein.
There can be various forms in its lipid moiety as well (35, 36) . After determination of the first structure of CAMP factor, it will be interesting to determine the exact interaction mode between CAMP factor and GPI anchors. More systematic biochemical as well as structural studies are needed to determine whether the NTD, CTD, or both are required for interaction with GPI and which functional parts of GPI anchors are mostly involved in the recognition by CAMP family toxins.
Pore-forming toxins are a unique group of proteins that exist as soluble forms after being synthesized, while undergoing significant structural changes concomitantly with host membrane insertion. Thus, elucidating the molecular details of membrane interaction and structural rearrangement of pore-forming tox- 
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ins is critical in understanding their function. The structures of soluble as well as membrane-inserted conformations have been determined for several types of bacterial toxins, including the ␣-hemolysin of S. aureus (37) , cytolysin A of Escherichia coli (38) , TcdA1 from Photorhabdus luminescens (39) , and pneumolysin of Streptococcus pneumoniae (40) . Each type of these toxins has their unique way of structural reorganization upon membrane insertion. Thus, the structural determination of the soluble form of CAMP factor described in this study is only the first step toward understanding its mechanism of action; the next challenge will be to determine the structure of the membrane-inserted pore complex.
Experimental procedures
Protein expression, purification, and crystallization
The WT CAMP factor protein Ala 29 -Lys 255 (NCBI accession code ADA13253.1) from S. agalactiae was expressed with pGEX vector in bacteria with a thrombin-cleavable GST tag as described previously (8 ) and CTD (Arg 182 -Lys 255 )) were expressed with an MBP tag. After obtaining the fusion proteins, tobacco etch virus protease was used to remove the MBP tag, and tagless proteins were further purified by a second nickel affinity step and then gel filtration chromatography. X-ray diffraction, structure determination, and refinement X-ray diffraction data were collected at GM/CA-CAT at the Advanced Photon Source, Argonne National Laboratory. Data were processed with the HKL2000 program suite (41) and with XDS (42) . The best native CAMP crystal diffracted to 2.45 Å. The space group is P2 1 2 1 2 with unit cell parameters a ϭ 90.98 Å, b ϭ 116.21 Å, and c ϭ 73.93 Å (also see Table 1 ). The solvent content is 48.4% for three CAMP molecules in each asymmetric unit.
To solve the phase problem, a series of methods were tried, including selenomethionine labeling and heavy element soaking, but none of them succeeded. Inspired by the recent successes of using MBP as a crystallization chaperone in the structural determination of a variety of challenging proteins (43-45), we fused GBS CAMP to the C terminus of MBP and purified the fusion protein for crystallization screening. Because the linker sequence between MBP and target protein is the most critical factor for the crystallization of such fusion proteins, we tested different N-terminal residues starting from Ala 29 to Met 50 of CAMP, with a two-residue increment each time. Finally, we obtained crystals for several fusion proteins, but only the fusion protein starting from Asn 42 of CAMP produced crystals that diffracted to 3.1 Å. Molecular replacement was calculated with Phaser (46) in CCP4 GUI (47) , using MBP as a search model to solve the structure of fusion protein. The backbones of visible helices corresponding to CAMP were manually built in Coot (48) . Due to the low resolution and lack of homology model, the side chains were not confidently assigned. The structure of native CAMP was determined by molecular replacement using a C-␣ model of CAMP obtained from the MBP-CAMP fusion crystal as a search model. Structure was refined by Phenix. refine alternated with manual model adjustment in Coot. The native CAMP crystal structure was validated by the MolProbity server (49) and RCSB ADIT validation server (50) before deposition. Molecular graphics were prepared with PyMOL (Schrödinger, LLC).
Mutagenesis
Mutations of the CAMP gene were done by a jointing PCRbased method with the Phusion DNA polymerase (New England Biolabs). CAMP mutants were expressed and purified in similar protocol as the WT protein. Cu(II)-1,10-phenanthroline was used to induce disulfide bridge formation between introduced adjacent cysteines (51, 52). 0.1 volume of 3 mM Cu(II)-(1,10-phenanthroline) 3 was added to purified protein, followed by incubation at 30°C for 30 min. The reaction was quenched by the addition of 65 mM EDTA from a stock solution of 0.5 M NaEDTA, pH 8. The formation of disulfide bonds was confirmed by SDS-PAGE (see Fig. 5B ) and LC-MS.
Hemolysis assay
Sheep red blood cells (Cedarlane, Burlington, Canada) were pretreated with staphylococcal sphingomyelinase (Sigma; 50 milliunits/ml) in HEPES-buffered saline (HBS) with 10 mM MgCl 2 , washed in the same buffer by centrifugation, and resuspended to 1% (v/v). An equal volume of the cell suspension was added to CAMP factor (WT, NTD, or CTD alone or in combination (see "Results")) in the wells of a 96-well microtiter plate. Progress of hemolysis was monitored using the optical density at 650 nm, a wavelength that lies outside the absorption band of hemoglobin and thus reflects cell turbidity alone. These measurements were performed using a SpectroMax Plus 384 microplate spectrophotometer (Molecular Devices, Sunnyvale, CA).
Liposome permeabilization
1,2-Dimyristoyl-sn-glycero-3-phosphocholine, cholesterol, and 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol were purchased from Avanti Polar Lipids (Alabaster, AL). To prepare liposomes, the desired lipids were dissolved in chloroform and mixed at a molar ratio of 6.5:2.5:1. The mixture was dried down under a stream of nitrogen in a round-bottom flask for 5 min and then dried under vacuum for an additional 3 h to remove any residual chloroform. The dried lipids were resuspended by vortexing for 30 min with 3.0 ml of HBS (10 mM HEPES, 150 mM NaCl, pH 7.4) containing 50 mM calcein (Sigma-Aldrich) at room temperature to a final total lipid concentration of 3 mg/ml. The resulting suspension of multilamellar liposomes was converted to unilamellar liposomes by extruding 15 times X-ray structure of CAMP factor through a 100-nm polycarbonate membrane filter (Whatman). Subsequently, nonencapsulated calcein was removed by chromatography using a Bio-Gel P6-DG (Bio-Rad) column preequilibrated with HBS.
The calcein-loaded liposomes were diluted to 45 g/ml total lipid with HBS; mixed with CAMP factor, NTD, or CTD alone or in combination (compositions and final concentrations as indicated under "Results"); and then incubated for 30 min at room temperature. The calcein fluorescence intensity was then measured (excitation, 478 nm; emission, 516 nm) on a QuantaMaster 4 spectrofluorometer (PTI, London, Canada). The extent of membrane permeabilization P was then calculated using the formula, P ϭ (F sample Ϫ F 0 )/(F Triton Ϫ F 0 ), where F 0 is the fluorescence of a liposome control without toxin, and F Triton is that of a liposome sample solubilized with Triton X-100 at a final concentration of 0.01%.
Fluorescent labeling and spectrofluorimetry
The cysteine mutant F138C was transferred to labeling buffer consisting of 100 mM sodium phosphate buffer with 1 mM tris(2-carboxyethyl)phosphine, pH 7.3, using gel filtration. The samples were supplemented with 0.5 mM IANBD amide (Invitrogen, Burlington, Canada). The samples were incubated at room temperature for 120 min, and the excess label was removed by gel filtration. To determine the labeling efficiency, the molar ratio of fluorophore to protein was calculated from UV-visible spectra using an extinction coefficient of 23,500 liters/mol ϫ cm for IANBD amide at 478 nm. The extinction coefficient of CAMP factor was determined to be 25,040 liters/ mol ϫ cm at 280 nm (53). The measured absorbance values at 280 nm of the labeled proteins were corrected for absorbance of the dye at 280 nm. Labeling efficiencies ranged from 85 to 95%.
Fluorescence measurements were performed using red cell ghost membranes. Sheep red blood cells were pretreated with sphingomyelinase as for hemolysis assays. They were then lysed osmotically with 5 mM sodium phosphate buffer and washed repeatedly by centrifugation. The membranes were suspended in HBS and incubated with the NBD-labeled mutant for 60 min at room temperature. They were then collected by centrifugation; the supernatant was retained, and the membrane pellet was resuspended in HBS buffer. Fluorescence emission spectra were acquired in a PTI QuantaMaster spectrofluorometer, using an excitation wavelength of 478 nm. The emission intensity was corrected for incomplete membrane binding; the extent of binding was determined by comparing the fluorescence of the saved supernatant with that of an equivalent amount of labeled mutant that had not been incubated with membranes.
CD spectroscopic study of CAMP protein
To study the secondary structure and stability of CAMP proteins, CD spectra were acquired on a Chirascan spectrometer (AppliedPhotophysics,Leatherhead,UK).TwoCDspectrameasurements were collected for each sample from 180 to 260 nm in a 1-nm step with a 4-s averaging time at 20°C, using a 1-mm path length cell. Before CD spectrum analysis, sample buffer was changed to PBS, and protein concentration was adjusted to 0.3 mg/ml, as determined by its absorbance at 280 nm. For thermal titration, two CD spectra measurements were also collected between 20 and 95°C with temperature steps of 5°C and wavelengths between 180 and 260 nm. CD signals at 220 nm were adopted to characterize the conformational change during thermal titration (54) . The data (⌰ 220 ) were fitted by Prism to calculate the T m values (55) .
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